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Abstract: While the S3 scalar leptoquark presents a possible tree-level explanation of the
b→ s`` flavour anomalies, it suffers from two conceptual problems which are often disregarded
by model-builders. Firstly, the quantum numbers of the S3 allow for a renormalisable diquark
operator that would trigger rapid proton decay unless its coupling were tuned away. Secondly,
one expects the leptoquark to have generic couplings to leptons, which require tuning to avoid
stringent experimental bounds on lepton flavour violation. By gauging a U(1) current that
acts as Lµ − Lτ on the Standard Model (SM) fermions, and under which the leptoquark has
charge −1, one can remedy both these problems. The additional U(1), which is spontaneously
broken at some high scale, is associated with a massive Z ′ gauge boson and a scalar SM singlet
Φ, which play no direct role in mediating the anomalous B meson decays. By computing one-
and two-loop mass corrections, we show that this pair of particles can be hidden away at much
higher mass scales without destabilising either the Higgs or the leptoquark masses. The only
low-energy relic of gauging Lµ − Lτ is thus the accidental global symmetry structure of the
lagrangian. On the other hand, we find quite generally that an S3 leptoquark that mediates
the b→ s`` anomalies cannot be much heavier than a few TeV without itself inducing large
Higgs mass corrections.
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1 Introduction
It is well known that the collection of anomalies recently observed in neutral current decays
of B mesons [1–10] can be explained at tree level by either a leptoquark or a neutral heavy
gauge boson, whose mass over coupling is around 30–40 TeV. After integrating out either
of these heavy states and matching onto the weak effective theory (WET) one can produce
four fermion operators of the form bs``, ` ∈ {e, µ}, which can mediate the anomalies. Of the
various chirality combinations, global fits to the B-anomaly data favour a non-zero Wilson
coefficient for the particular WET operator [11, 12]
OL = (sLγρbL)(µLγρµL), (1.1)
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i.e. with left-handed quark and left-handed muon currents. Indeed, turning on the single
Wilson coefficient for this operator provides an excellent global fit to the data with a pull of
6.6σ relative to the Standard Model (SM), according to Ref. [11].1
Of the various leptoquarks that can mediate bs`` processes, only a handful have the right
quantum numbers to couple to left-handed quarks and lepton doublets, and so contribute to the
operator OL. Two of these are Lorentz vector states, often called the U1 and U3 leptoquarks,
which transform in the (3,1)2/3 and (3,3)2/3 representations of SU(3) × SU(2)L × U(1)Y .
A theory in which the SM is supplemented by one of these vector leptoquarks is on its own
non-renormalisable, and so must be embedded in an ultraviolet (UV) completion. A variety of
suitable UV completions, in which the vector leptoquark typically emerges as a massive gauge
boson from some spontaneously broken non-abelian extension of the SM gauge symmetry,
have been developed in great detail in recent years [14–19].
If one wishes to avoid this task of building a compelling UV completion, one might prefer
to consider scalar leptoquarks, since extending the SM by a scalar leptoquark gives a consistent
theory on its own (from the point of view of renormalisability – there remains the separate
challenge of explaining why such a scalar should be so light compared to the Planck scale).2
Only one scalar leptoquark, the one dubbed S3 that transforms in the (3¯,3)1/3 representation,
has couplings to the left-handed quark and lepton doublets of the SM, via terms
L ⊃ λQLij Qci (iσ2σa)LjSa3 (1.2)
in the lagrangian (where i, j are family indices and a is an adjoint SU(2) index, and we assume
the down-aligned mass basis for quarks). Only this scalar leptoquark can thence give rise to
the operator (1.1) in the WET after being integrating out (see Fig. 1), provided λQL22 and λ
QL
32
are non-zero, which has the preferred chiral structure to explain the anomalous measurements
in the bsµµ system.
Extensions of the SM by an S3 leptoquark suffer from two conceptual difficulties, which
are often swept under the rug. Firstly, the quantum numbers of the S3 leptoquark allow for a
gauge-invariant ‘diquark’ operator in the lagrangian, schematically
L ⊃ λQQij QciS3Qj . (1.3)
Operators of this type violate baryon number, and in particular lead to rapid proton decay
(especially the λQQ11 component). In order to pass the stringent experimental constraints on
the proton lifetime [22], this diquark term is often set to zero in an ad hoc fashion (see e.g.
the phenomenological studies in [23, 24]). A more elegant way to outlaw the diquark operator
is to embed the S3 leptoquark in representations of a larger unified gauge group, such as the
1In light of an update to LHCb’s angular analysis of the B0 → K∗0µ+µ− decay [13], the statistical pull of
this new physics scenario with respect to the SM has increased slightly.
2One attractive possibility is that the scalar leptoquark is light because it is a pseudo Nambu Goldstone
boson (pNGB) associated with global symmetry breaking in a new strong sector, possibly alongside the Higgs
boson within the framework of partial compositeness [20, 21].
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Figure 1: Our model features an S3 scalar leptoquark that is charged under Lµ −Lτ , which
therefore couples only to second family leptons. This leptoquark mediates the anomalous
b→ s`` transitions via a tree-level contribution that induces ∆Cµ9 = −∆Cµ10.
126-dimensional representation of SO(10), in which the diquark operator is forbidden by the
SO(10) symmetry [25, 26]. The same can be achieved in an SU(5) GUT [27, 28].
The second troublesome feature of S3 leptoquark models concerns their couplings to the
lepton sector. Based on the symmetries of the theory, one naturally expects the S3 leptoquark
to couple to all three generations of left-handed lepton doublets, via the lagrangian (1.2). But a
generic matrix λQLij of couplings is dangerous from the point of view of phenomenology, because
it leads to sizeable contributions to a number of rare lepton flavour violating (LFV) processes.
For example, decays `→ `′γ are induced at loop level (with the µ→ eγ branching ratio being
especially tightly constrained), as are decays such as Z → ``′ and ` → `′`′`′′. Other LFV
processes, such as B → Kµτ , would be induced even at tree-level. The experimental bounds
are often strongest in LFV processes involving electrons; for example, the branching ratio
B(µ→ 3e) < 1.0× 10−12 at 90% C.L. [29]. As was the case for the diquark operator discussed
above, the couplings of an S3 leptoquark to electrons must be tuned close to zero by hand in
order to pass these pressing constraints from LFV. Even with such aggressive assumptions,
LFV measurements in the µ− τ system place important bounds on the leptoquark couplings,
as discussed for example in [28]. Note that embedding the S3 in a grand unified theory based
on SO(10) or SU(5), along the lines described in the previous paragraph, does nothing to
ameliorate this problem.
In this paper, we suggest a simple mechanism for remedying both of these problems within
the context of S3 models for the neutral current B-anomalies. If the S3 leptoquark is charged
under an additional U(1) symmetry, under which the SM fields are assigned appropriate
charges, then both the diquark operator (1.3) and the leptoquark couplings to electrons and
tauons will be banned at the renormalisable level. In other words, one can achieve the desired
structure of leptoquark couplings,
λQLij = αiδj2, λ
QQ
ij = 0 (1.4)
with a particular choice of U(1) charges, which we soon discuss, where the αi are three a priori
complex couplings. This U(1) symmetry will be spontaneously broken, most likely by some
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scalar SM singlet field Φ acquiring a vev at some high energy scale above the electroweak scale,
leading to a massive Z ′ gauge boson. (However, it is important to stress that this Z ′ boson
plays no role in mediating the B anomalies, which are mediated solely by the S3 leptoquark.)
In order for the theory to be self-consistent, the U(1) charge assignment must be anomaly-free.
The space of family-dependent anomaly-free U(1) extensions of the SM gauge symmetry has
been well-studied recently [30–33], and is unhelpfully vast unless further criteria are imposed.
The gauge sector extension
We here explore an especially well-motivated choice, which is to gauge the Lµ − Lτ current,
under which we assign the S3 leptoquark a charge of −1. This choice satisfies our desired
criteria. Firstly, since all quarks are uncharged under the U(1) while the leptoquark is charged,
the diquark operators (1.3) cannot be U(1) invariant, and thus baryon number is restored at
the renormalisable level.3 Indeed, for generic points in our model’s parameter space, baryon
number violating terms are pushed back to dimension six in the effective theory; thus the
proton is expected to decay no faster than in the SM. Secondly, of the couplings in (1.2),
only the muonic contributions (λQLi2 ) are U(1) invariant and permitted in the renormalisable
lagrangian, thereby picking out the muon direction needed to mediate the anomalous B-decays,
while simultaneously suppressing LFV processes induced by the leptoquark. Thirdly, the
Lµ − Lτ charge assignment is anomaly-free.
This particular choice of U(1) that we gauge has additional virtues. By gauging what
is otherwise an accidental symmetry of the SM we allow for a generic Yukawa sector for the
quarks at the renormalisable level, as well as a strictly diagonal Yukawa matrix for the charged
leptons. Indeed, if we make a renormalisable Yukawa sector a requirement, then, given only
the SM chiral fermion content, the most general anomaly-free U(1)X charge assignment is
of the form Li − Lj + aY where Y denotes hypercharge, for any pair of lepton numbers Li
and Lj and any rational number a.4 As discussed in [34], a strictly diagonal charged lepton
Yukawa matrix implies that the charged lepton mass eigenstates are aligned with the weak
eigenstates. Hence, even though this theory features a Z ′ boson with non-universal couplings
to charged leptons, there is no danger of LFV being induced by the Z ′.
Taking a more general view, by gauging an accidental symmetry of the SM we ensure
that the global part of this symmetry remains an accidental symmetry of our BSM theory,
thereby guaranteeing safety from the LFV constraints. Our leptoquark model shares these
virtues with a number of Z ′ models for the b→ s`` anomalies in which the Z ′ also arises from
gauging, say, Lµ − Lτ symmetry [35–37], or indeed a more general linear combination of the
SM’s accidental symmetries [34]. By way of comparison, recall that in these Z ′ models the
required flavour-violating couplings to down-type quarks are absent at tree level; rather, they
3If our goal is to ban the B-violating diquark operator using a gauge symmetry, then charging the S3 LQ
under U(1)Lµ−Lτ is arguably a more minimal extension of the SM than embedding the S3 leptoquark in an
126-dimensional (45-dimensional) representation of a unified SO(10) (SU(5)) theory.
4We here choose to set a = 0 for simplicity, so that the Z′ has no tree-level couplings to quarks (such
couplings will, however, be generated radiatively).
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are typically generated by introducing a fourth family of vector-like quarks with somewhat ad
hoc couplings to the SM fields. This paper explores a different avenue in which we dispense
totally with the fourth family of heavy quarks, at the expense of introducing only one extra
state, the S3 leptoquark.5 The role of the Z ′ here is only to protect the accidental symmetries
of the SM.
Finite naturalness of leptoquark models for the B anomalies
In this setup, the Z ′ and Φ particles associated with the extended gauge sector play no role
in mediating the B-physics anomalies, and so their masses and couplings are not tied to the
energy scale probed by the anomaly. It would appear that the Z ′ is phenomenologically inert,
and that its effects can be decoupled if we wish, by taking the scale vΦ of U(1)X breaking
to very high energies, or by taking the gauge coupling gX to be very small. Things are not
quite so simple, at least a priori, because taking vΦ arbitrarily large might destabilise both
the Higgs mass and the mass of the S3 leptoquark through loop corrections. Nonetheless, in
§3 we compute finite loop corrections to the Higgs and leptoquark masses, and find that there
exists a limit in which the Z ′ and Φ masses can be taken parametrically larger than the other
mass scales in the theory, while their loop corrections to the Higgs and leptoquark masses
remain parametrically small. In other words, we can hide away the particles associated with
the extended gauge sector at very high energies, with their only phenomenological signature
being the particular symmetry structure (1.4) of the low-energy lagrangian.
Perhaps more importantly, we also compute loop corrections to the Higgs mass from loops
involving the S3 leptoquark. Because the leptoquark mediates the b→ s`` anomalies, these
loop corrections cannot be tuned away, and their size is unavoidably tied to the magnitude
of the b → s`` anomalies. We identify the parameter space of S3 leptoquark models (quite
generally) that is finitely natural [38], i.e. for which a mass hierarchyMS3 MH is radiatively
stable. For example, if one prefers a U(2)-like flavour structure in which the leptoquark couples
predominantly to the third family, then a finitely natural hierarchy can only be maintained for
leptoquark massesMS3 . 5 TeV or so. Moreover, an unavoidable electroweak correction means
naturalness can only be maintained for MS3 . 5.8TeV, irrespective of the flavour structure.
A discussion of naturalness, and its interplay with the scale of new physics suggested by
the B anomaly data, has thus far been lacking in the model-building literature addressing the
B-physics anomalies. In this paper, we find that computing the Higgs mass corrections, and
requiring that they are not too big, leads to interesting hints about the mass and couplings of
an S3 leptoquark that can address the B anomalies. In a future work, we will explore in more
detail (and in greater generality) the implications of naturalness for models that explain the
b→ s`` anomalies.
5Another noteworthy distinction is that our (Lµ − Lτ )-charged leptoquark model explains the B-anomaly
data via the left-handed operator OL of (1.1), whereas models in which the corresponding Lµ−Lτ heavy gauge
boson mediates the anomalies do so via the vector-like operator (sLγρbL)(µγρµ). The global fits of Ref. [11]
favour the former scenario, largely because the latter does not give a BSM contribution to BR(Bs → µ+µ−) in
which a ∼ 2σ discrepancy with the SM persists [3–6].
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Field SU(3)c SU(2)L U(1)Y U(1)X
QL 3 2 1/6 0
uR 3 1 2/3 0
dR 3 1 −1/3 0
LiL 1 2 −1/2 δi2 − δi3
eiR 1 1 −1 δi2 − δi3
H 1 2 1/2 0
S3 3¯ 3 1/3 −1
Φ 1 1 0 QˆΦ /∈ {−1, 1}
Table 1: The field content of the charged leptoquark model. In addition to the SM fields,
there is a U(1)X gauge field with flavour non-universal couplings to SM leptons, as well as an
S3 scalar leptoquark and a SM singlet Φ. The constraint on the U(1)X charge of Φ is to ban
dimension-5 operators that would lead to fast proton decay (see §2.1).
The structure of the rest of the paper is as follows. In §2 we set out the charged
leptoquark model. After unpacking the various terms in the lagrangian, we discuss the
issue of proton stability in §2.1, and then describe the Z ′ sector of the model in §2.2. We
devote §3 to considerations of finite naturalness, whereby which we establish that a mass
hierarchy MZ′ MS3 MH is stable to finite loop corrections, and moreover that a limit
exists in which the Z ′ essentially decouples from the phenomenology. In §4 we explore the
phenomenology of the model in this “decoupling limit”, before concluding.
2 Charging the S3 leptoquark
We consider an extension of the SM by a U(1)X gauge symmetry, where X = Lµ − Lτ for
the SM fields. The U(1)X gauge symmetry will be spontaneously broken by the vacuum
expectation value (vev) vΦ of a SM singlet scalar field Φ that is charged under U(1)X , leading
to a massive Z ′ gauge boson. Finally, we suppose there is an S3 leptoquark with quantum
numbers (3¯,3)1/3 under the SM gauge symmetry, and with a charge of −1 under U(1)X . This
completes the field content of our model, which is summarised in Table 1.
The renormalisable lagrangian contains the following terms
L = LSM + [αiQci (iσ2σa)L2Sa3 + h.c.]
+ |DµS3|2 −M2S3 |S3|2 − λS |S3|4 − λHS |H|2|S3|2 − λ′HS |H†σaSa3 |2
+ |DµΦ|2 + µ2Φ|Φ|2 − λΦ|Φ|4 − λΦS |Φ|2|S3|2 − λΦH |H|2|Φ|2
− 14XµνX
µν − sin 2 BµνX
µν − gXXµ
∑
ψ
Qˆψψ¯γ
µψ , (2.1)
where Qi = (V ∗jiujL, d
i
L)T and Li = (U∗jiνjL, `
i
L)T denote the quark and lepton SU(2)L doublets,
and V and U are the CKM and PMNS matrices respectively. The first line of Eq. (2.1)
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contains all the terms from the SM lagrangian, and the all-important leptoquark coupling
to quark-muon pairs, which we shall elaborate on shortly. The notation Qc = CQT denotes
charge conjugation, where as usual ψ = ψ†γ0 and the charge conjugation matrix is C = iγ2γ0.
The second and third lines of Eq. (2.1) contain the various kinetic and potential terms
from the extended scalar sector of the theory, specified by the real parameters MS3 , µΦ (both
mass dimension one), λHS , λ′HS , λΦ, λΦS , and λΦH (all dimensionless). Note that the sign of
the quadratic term for S3 implies that its vev is at S3 = 0. Finally, the fourth line contains
terms associated with the new gauge boson Xµ corresponding to the gauging of U(1)X , where
Xµν = ∂[µXν], gX is the gauge coupling for U(1)X , and Qˆψ denotes the charge of a SM
fermion ψ under U(1)X , as given in Table 1. The second term on the fourth line is a tree-level
contribution to kinetic mixing between the new U(1)X gauge boson and Bµ, the gauge field
for hypercharge. We shall discuss the effects of this kinetic mixing in §2.2.
In order to unpack the leptoquark couplings in Eq. (2.1), it is helpful to define linear
combinations of the components Sa3 which are eigenstates of the electric charge operator, viz.
S
4/3
3 =
S13 − iS23√
2
, S
1/3
3 = S
3
3 , S
−2/3
3 =
S13 + iS23√
2
, (2.2)
where the superscript 4/3, 1/3, and −2/3 denote electric charges. Then, after expanding the
quark and lepton SU(2) doublets, Eq. (2.1) decomposes into the terms
L ⊃ − αiU∗j2S1/33 dciPLνj −
√
2αiS4/33 d
c
iPLµ
+
√
2αkV ∗ikU∗j2S
−2/3
3 u
c
iPLν
j − αkV ∗ikS1/33 uciPLµ+ h.c.,
(2.3)
The second term on the right-hand-side gives the leptoquark coupling to muons and down-type
quarks, which shall be responsible for mediating the anomalous B meson decays, which we
address in §4.1.
Importantly, quark flavour violation is linear [39] in our model,6 with new physics coupling
to the particular direction in SU(3) quark flavour space
Q˜ ≡ αiQi, (2.4)
where αi ∈ C3 is a 3-component complex vector. This vector could be naturally aligned in
some sense with the SM flavour structure, with a plausible ansatz being that (α1, α2, α3) ∝
(Vub, Vcb, Vtb) up to order one numbers. This is what one expects in several well-motivated
cases, such as the case where the S3 leptoquark is embedded in a partial compositeness
framework [21, 41, 42] (which, as we have already suggested, would offer an attractive
explanation for the scalar leptoquark being light). Such an ansatz also follows from the
minimal flavour violation (MFV) hypothesis [43, 44], or more generally from imposing a U(2)n
flavour symmetry on the new physics (see e.g. [44–46]). In what follows, we shall refer to
such flavour structures in the quark sector as being “U(2)-like”, in general.
6Consequently, the charged leptoquark framework (as for any single leptoquark model) is also an example of
the more general flavour structure known as ‘rank-one flavour violation’, explored recently in [40].
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As we discussed in the Introduction, the lepton sector is very clean. The alignment of
new physics with the muon is guaranteed by charging the leptoquark under a lepton family-
non-universal gauge symmetry, here X = Lµ − Lτ (on the SM fields). This offers a natural,
symmetry-based explanation for the observation of lepton flavour universality violation in the
measurements of RK and RK∗ , in particular the preferred alignment of new physics with the
muon direction, while also preventing dangerous new physics contributions to lepton flavour
violation.
At this stage, keeping all the terms generically allowed in the lagrangian (2.1), we have
introduced 14 new parameters:
{αi, gX ,MS3 , λS , λHS , λ′HS , µΦ, λΦ, λΦS , λΦH , , QˆΦ} . (2.5)
The mass parameter µΦ is related to the other parameters vΦ, MX and MΦ as
µΦ =
√
λΦvΦ =
√
λΦMX
gXQˆΦ
= MΦ√
2
. (2.6)
Hence we can eliminate {µΦ, λΦ} and write everything in terms of the equivalent set
{αi, gX ,MS3 ,MΦ,MX , λS , λHS , λ′HS , λΦS , λΦH , , QˆΦ}. (2.7)
Eventually, we will see how this set of parameters can be trimmed down substantially when
we come to discuss phenomenology.
2.1 Proton stability
One of our main motivations for charging the S3 leptoquark under a U(1)X gauge symmetry is
to preserve baryon number (most pressingly, to prevent proton decay), which is an accidental
symmetry of the SM. If the leptoquark had no U(1)X charge, then nothing forbids one from
writing down the renormalisable ‘diquark’ operators
L ⊃ λQQij Qci (iσ2σaSa3 )†Qj , (2.8)
where σa are the Pauli matrices, and Qc denotes charge conjugation as defined above. These
operators violates baryon number, and would facilitate proton decay by direct s-channel
leptoquark exchange. Because the leptoquark in our theory is charged under U(1)X , while all
quark fields are neutral, the operator 2.8 clearly carries net U(1)X charge and so is banned by
the U(1)X gauge symmetry.
To achieve proton stability, however, it does not suffice to simply check whether the
diquark operators are present or not; baryon number (B) can also be violated due to terms
in the scalar potential if there are new scalars that couple to SM fermion bilinears. For
an example, consider the R˜2 scalar leptoquark, which has SM quantum numbers (3¯,2)1/6.
Even though there is no diquark operator, there is a quartic coupling R˜2R˜2R˜2H which, after
integrating out R˜2 and expanding the Higgs around its vev, leads to the decay p→ pi+pi+e−νν
at tree-level, and thus to proton instability [47].
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In general, there are three types of potentially B-violating term that can appear in the
(renormalisable) potential of an extended scalar sector [47]. Given at least two new scalars
X1 and X2, there may be (i) 3-scalar terms of the form X1X1X2; (ii) 4-scalar terms of the
form X1X1X1X2; and (iii) 4-scalar terms of the form X1X1X1H or X1X1X2H. In Ref. [14]
it was shown that any of the scalar leptoquarks capable of explaining the B anomaly data
lead to dangerous tree-level proton decay, either through such terms in the scalar potential or
through diquark operators.7 In our model there are two new scalars, S3 and Φ. By charging
the S3 under U(1)X one prevents diquark operators as discussed above, and nor are there any
permissible terms in the scalar potential that violate B. (Simply by adding up hypercharges,
one can rule out operators of all three types listed above.)
Finally, we consider the possibility that baryon number could be violated due to higher-
dimension non-renormalisable operators. Recall that in the SM effective field theory (SMEFT),
baryon-number violating terms appear at dimension-6; we should therefore consider the
possibility of B-violating dimension-5 operators in our leptoquark theory that could lead to
faster proton decay than is expected to occur generically in the SMEFT. Schematically, such
an operator could feature two quarks and two scalars, one of which is the leptoquark. If the
other scalar is the Higgs then such an operator cannot possibly be U(1)X invariant. Neither
do there exist invariant operators of the form QQXX(†) for X ∈ {S3,Φ}. However, there is
potentially a gauge-invariant operator of the form
cij
Λ Q
c
i (iσ2σaSa3 )†QjΦ(†), (2.9)
where Λ denotes the cut-off scale, which clearly violates baryon number – indeed, it reduces
precisely to the diquark operator once Φ acquires its vev. We can forbid such an operator
again using U(1)X gauge invariance, simply by choosing a charge
QˆΦ /∈ {−1,+1}. (2.10)
Thus, by charging the S3 leptoquark under an additional U(1) gauge symmetry, and by
choosing the charge of the scalar field Φ appropriately, we find an elegant mechanism for
conserving baryon number, at least to the same order (dimension-6) as it is conserved in the
SM effective field theory.
2.2 The U(1)X sector
The role of the SM singlet scalar field Φ is to spontaneously break U(1)X by acquiring a non-
zero vev, and thus give mass to the corresponding gauge boson, which we denote by the field
7The vector leptoquarks U1 and U3, however, are naturally free of tree-level proton decay. Of the scalar
leptoquarks, only the R2 state (which has SM quantum numbers (3¯,2)7/6) does not induce tree-level proton
decay – but this leptoquark predicts R
K
(∗) > R
SM
K
(∗) , and so does not provide a good model for the B-physics
anomalies (on its own). However, all three of these leptoquarks – R2, U1, and U3 – admit dimension-5 operators
that violate baryon number and facilitate proton decay, schematically of the form QQHΦ/Λ, where Φ denotes
the leptoquark. In the case of the U1 leptoquark, this dimension-5 operator is forbidden when the U1 is
embedded in, say, a Pati-Salam grand unified theory.
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Xµ (but we will usually refer to the corresponding particle as a Z ′ in the text). From Eq. (2.1),
with µΦ, λΦ > 0, we find that 〈Φ〉 = vΦ/
√
2 =
√
µ2Φ/2λΦ. Writing Φ(x) = (vΦ + ϕ(x))/
√
2,
one finds that the Z ′ boson gets a mass of
MX = gX |QˆΦ|vΦ, (2.11)
while the scalar field ϕ has a mass
M2Φ = 2µ2Φ = 2λΦv2Φ (2.12)
Note that there is no Z-Z ′ mass-mixing in this model, because the Higgs is uncharged under
U(1)X . However, as we will soon see, there is loop-induced kinetic mixing between the Z and
Z ′, which induces couplings of the Z ′ to quarks.
Of the SM fermions, the Z ′ boson has tree-level couplings only to leptons, from Eq. (2.1).
Explicitly, we have the couplings
L`Z′ = gXXρ
(
µγρµ− τγρτ + νiγρ(UξU †)ijPLνj
)
, (2.13)
where all fermion fields are written in the physical mass basis, and ξ = diag(0, 1,−1).
In the lagrangian (2.1) we include a kinetic mixing term L ⊃ sin 2 BµνXµν between the
hypercharge and U(1)X gauge fields. Even if the tree-level kinetic mixing were small there
will be radiative contributions of order
δ sin  ∼ −gXg
′
16pi2
ln µ
2
M2S3
(2.14)
at one-loop, where µ is the renormalisation scale and MS3 denotes the leptoquark mass. The
physical hypercharge and Z ′ gauge bosons are the eigenstates of the matrix of kinetic terms,
B′µ = Bµ + sin Xµ and X ′µ = cos Xµ. Substituting the inverse transformation into the
lagrangian and expanding in the physical fields B′µ and X ′µ, one finds that the couplings of
the physical hypercharge boson B′µ are unchanged by this kinetic mixing.8 The X ′µ couplings
acquire a subleading contribution proportional to hypercharge, giving small flavour-universal
couplings of the Z ′ to quarks and thus to protons, proportional to tan  1.9 At a generic
point in parameter space, this would give bounds on gX and MS3 from direct Z
′ production
at the LHC. Ultimately, however, we will identify a finitely natural limit in which the Z ′
decouples completely from the phenomenology, in which these bounds will be unimportant.
8This should be contrasted with the effects of mass-mixing between Bµ and Xµ, which occurs for models in
which the Higgs is charged under U(1)X (see e.g. [48–50]). In that case, the Z boson acquires corrections to its
couplings that may be flavour non-universal.
9For muon and tau leptons, the kinetic mixing induces only a small correction compared to the direct
couplings to the Z′, which can be neglected.
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3 Finite naturalness of the scalar sector
There are three heavy BSM particles in our theory; the heavy gauge boson Xµ, the SM singlet
Φ, and the S3 leptoquark. These particles can run in loops which induce corrections to the
masses of SM particles. In particular, the Higgs boson, being the only scalar in the SM, will
receive corrections to its squared mass that grow quadratically with the heavier masses in our
BSM theory. These corrections are calculable within our model, if one assumes that there are
no states to be discovered at yet higher energies (or neglects their contributions). Moreover,
the additional scalars Φ and S3 will themselves receive calculable mass corrections, and we
might expect the lighter of the two to be dragged up by such a loop correction to the higher
mass scale. A theory in which the finite loop corrections do not need to be fine-tuned to
produce the observed values of couplings and masses is ‘finitely natural’ [38].
To be concrete, if we denote the one-loop finite correction to the Higgs mass-squared by
δM2H , then finite naturalness requires that
δM2H .M2H ×∆, (3.1)
where ∆ indicates the degree of fine-tuning that one is willing to tolerate. For the SM itself,
Eq. (3.1) is satisfied with ∆ = 0.13 at a renormalisation scale µ = mt [38], meaning that the
SM is a finitely natural theory. One might view this lack of tuning as merely a coincidence,
or, more optimistically, as an attractive feature of the SM that we should seek to preserve
when we go beyond the SM.
Because the b→ s`` anomalies occur in rare processes that are loop and GIM suppressed
in the SM, the scale of new physics required is rather heavy, corresponding to a mass over
coupling of order 30− 40 TeV or so. One might therefore expect the finite corrections to the
Higgs mass to be large, and require significant fine-tuning for the observed mass of MH ≈ 125
GeV to be finitely natural. We here confront this expectation, focussing on a régime in which
there is a strong hierarchy between the three mass scales,
MH MS3 MΦ. (3.2)
We will show that this mass hierarchy is in fact finitely natural for certain regions of parameter
space that can accommodate the B anomalies (at the best fit point). In particular, in §3.2 we
consider the limit where
gX → 0 and vΦ →∞, such that MX remains finite, (3.3)
where recall MX = gX |QˆΦ|vΦ. In this limit the low-energy phenomenology is much simplified,
as we discuss in §4, because the Z ′ boson decouples.
In this decoupling limit, the Higgs mass (and the hierarchy (3.2)) can be finitely natural
provided the leptoquark is not too heavy (but heavy enough to evade the LHC direct search
bounds), and provided its coupling α3 to the top quark is not too large with respect to α2.
These results therefore have interesting implications for model-building frameworks for the
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Figure 2: One-loop Feynman diagrams contributing to the Higgs mass, due to the S3
leptoquark running in the loop.
B anomalies which invoke a U(2)-like flavour structure, for which couplings of new physics
to the third family are very large. The implication is that, for such a flavour structure, the
leptoquark should not be much heavier than 5 TeV if we do not wish to destabilize the Higgs
mass, which is not too far from the current reach of LHC direct searches. We will discuss the
implications of finite naturalness for more general classes of explanations of the B anomalies
in a follow up paper.
3.1 Higgs mass stability
There are one-loop corrections to the Higgs mass due to the S3 leptoquark running in a loop
(see Fig. 2).10 In the limit that MS3  MH , we find (see Appendix B for details of the
computation)
(δM2H)HS = −
9M2S3
16pi2
[(
λHS + λ′HS
)(
1 + ln µ
2
M2S3
)
+O
(
v2
M2S3
)]
, (3.4)
where µ is the renormalisation scale. It appears that this one-loop correction can be made
arbitrarily weak by taking the tree-level couplings λ(′)HS to be small. However, the coupling
λ′HS is generated at one-loop due to the Yukawa-like couplings αi,11 whose sizes are fixed by
the b→ s`` anomalies.
We estimate the size of a radiatively-generated λ′HS by computing its one-loop beta
function (see Appendix A), which may be substituted into (3.4) to give a lower estimate of
the correction (3.4),
(δM2H)anomaly ≈
9GFM2S3m
2
t |
∑
q αqVtq|2
32
√
2pi4
(
1 + ln µ
2
M2S3
)
ln µ
2
m2t
+ . . . , (3.5)
10We make the simplifying assumption throughout that λΦH = 0. This assumption is arguably natural
because λΦH is not generated at one-loop. Moreover, it is pragmatic for two reasons. Firstly, if λΦH 6= 0 then
the symmetry breaking pattern is potentially more complicated, with the vevs of H and Φ being determined by
the true minimum of the scalar potential. Secondly, λΦH 6= 0 would give a potentially large tree-level correction
to the Higgs mass.
11It turns out that to leading order only λ′HS is generated by one-loop diagrams; λHS is suppressed relative
to it by m2b/m2t ∼ 10−3.
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where Mt is the top mass, and the subscript ‘anomaly’ now indicates that this estimated loop
correction is tied to the size of the b→ s`` anomalies. The finite naturalness criterion (3.1)
then implies
MS3 .

4.7 TeV
|α3+Vtsα2|
√
lnM2S3/m
2
t
√
∆ for µ = MS3 ,
540 GeV
|α3+Vtsα2|
√
74+lnM2S3/m
2
t
√
∆ for µ = 1016MS3 ∼MPlanck,
(3.6)
where in each case µ indicates the renormalisation scale used.12 Note that this finite naturalness
bound depends on the scale of new physics required to explain the B-anomalies, through both
the couplings αi and the leptoquark mass.
The calculation (3.5) is the combination of two one-loop integrals, and so amounts to a two-
loop correction to the Higgs mass. We should therefore consider other corrections at two-loop
order. Totally generically, there is a two-loop Higgs mass correction due to electroweak gauge
bosons running in the loop, for any BSM theory with an electroweakly-charged scalar [38].
For the S3 leptoquark, that correction is
(δM2H)EW = −
α2M2S3
32pi2
(
18
s4W
+ 1
c4W
)(
3 ln2
M2S3
µ2
+ 4 ln
M2S3
µ2
+ 7
)
, (3.7)
where α is the fine structure constant. For this correction, the finite-naturalness criterion (3.1)
implies
MS3 .
5.8 TeV
√
∆ for µ = MS3 ,
120 GeV
√
∆ for µ = 1016MS3 ∼MPlanck,
(3.8)
for the same pair of renormalisation scales used above. We stress that this second Higgs mass
correction is inevitable in any model featuring the S3 leptoquark, simply due to its quantum
numbers under the electroweak gauge group. This bound, unlike (3.6), is independent of the
Yukawa-like couplings αi, depending only on the leptoquark mass.
There is also a two-loop correction to the Higgs mass that is very specific to our model,
featuring the heavy X boson being exchanged within a muon or tauon loop. However, these
corrections scale like δM2H ∼ m
2
µ,τ
v
2
g
2
XM
2
X
(4pi2)2
, and so they vanish in the ‘decoupling limit’ specified
by Eq. (3.3).
Typically, one of the two bounds (3.6) or (3.8) will be dominant in a given region of
parameter space, for a given choice of ∆.13 In Fig. 4, we plot the stronger of the two finite
12The rationale in presenting two bounds is to estimate how strongly the finite naturalness corrections depend
on the scale; the first bound would be appropriate if relevant new physics were to enter just beyond the scale of
the leptoquark, while the second bound would be appropriate if there were a ‘desert’ of no new physics all the
way to the Planck scale.
13A refined estimate of the finite naturalness bound would be obtained by doing a full calculation of the
two-loop Higgs mass correction. Here, we are content to provide only a rough estimate of the important
two-loop Higgs mass contributions for the parameter space regions of interest.
– 13 –
naturalness bounds at any given point in the parameter space. We see that for α2/α3  1
and larger leptoquark masses, the bound (3.6) tends to dominate, while for light leptoquarks
and/or a larger α2 contribution to the B-anomalies, the purely electroweak correction (3.8)
can dominate.
One should also study the stability of the leptoquark mass, which will receive finite loop
corrections that are sensitive to the mass scale of the heavy states associated with the U(1)X
gauge sector. We find that, in the decoupling limit (3.3), finite naturalness of the leptoquark
mass gives only very weak constraints on the parameters of the model, that have no impact
on the phenomenology. We therefore relegate these calculations to Appendix B.2.
3.2 Decoupling the U(1)X sector
In the limit given by Eq. (3.3), in which we take gX → 014 and vΦ → ∞ while keeping
their product (and thus MX) finite, all the finite loop corrections to either M2H or M2S3 that
involve either the X boson or the heavy scalar Φ running in the loop tend to zero (at least as
fast as g2XM2X). Moreover, even though the Z ′ mass remains finite, all the physics effects of
exchanging the Z ′ depend only on the parameter vΦ (as long as the Z ′ is heavy enough not to
be produced on resonance), and so disappear in the limit vΦ →∞, regardless of the coupling.
(Note that the mass of the scalar field MΦ =
√
2λΦvΦ → ∞ in this limit.) Thus, there is a
limit in which the X and Φ are heavy enough that they totally decouple from the low-energy
phenomenology, without inducing large finite mass corrections to the leptoquark or the Higgs.
Indeed, this is not all that surprising from the point of view of symmetry. If one takes to
zero the various parameters that mix the U(1)X sector with the SM + S3 sector, one finds
that the lagrangian (2.1) exhibits an enhanced G = (Poincaré)2 spacetime symmetry, which
acts by performing independent Poincaré transformations within each sector. Thus, by a
famous argument of ’t Hooft [52], one expects this limit to be radiatively stable, i.e. one
expects the various mass corrections to be small (and indeed to vanish in the limit of complete
decoupling).15
However, we have seen that the finite corrections (3.5) to the Higgs mass arising from
leptoquark loops cannot be made arbitrarily small, because they are tied to the flavour
anomalies through the dependence on the couplings α2,3. There is also an unavoidable two-
loop Higgs mass correction (3.7) due to electroweak gauge bosons running in the loop, which
have fixed couplings to the S3. Both these Higgs mass contributions arise generically for an
S3 leptoquark that can explain the b→ s`` anomalies. We visualize the ‘bounds’ from finite
naturalness of the Higgs mass, which translate into an upper bounds on MS3 , in Figs. 3 and 4.
14The reader might worry about taking gX → 0, because there is growing evidence for the weak gravity
conjecture which suggests that one cannot in fact take a gauge coupling to be arbitrarily small [51]. However,
the lower limit on gX is expected to be of order m/MPlanck for order-1 charges, where m is the mass of a U(1)X
charged particle in the spectrum. Thus, for all practical purposes we can take gX as small as we need without
running the risk of violating this bound from weak gravity.
15Note also that in this limit of decoupling the Z′ the radiatively-induced kinetic mixing between the Z′
and hypercharge gauge bosons also goes to zero, which can again be traced back to the radiative stability of
decoupling the U(1)X sector from the SM + S3 sector.
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For suitably small values of the fine-tuning parameters ∆, the scalar mass hierarchy (3.2) is
finitely natural.
4 Phenomenological analysis in the decoupling limit
We now turn to the phenomenology of our charged leptoquark model. At a general point
in the parameter space the phenomenology is rich, with constraints associated both to the
leptoquark and Z ′ dynamics. The latter includes constraints from direct Z ′ production at
the LHC, neutrino trident production, and four-lepton production. However, in the previous
section we identified a limit in which the Z ′ decouples from the phenomenology. In this section
we analyse the phenomenology in this “decoupling limit” only.
The parameter space is reduced from the set of 14 parameters in (2.7) to the smaller
5-parameter set {αi,MS3 , λS}. Furthermore, for the heavy leptoquark masses of interest,16 the
leptoquark quartic self-coupling λS plays little role in the phenomenology, and so we neglect
it henceforth. We are thus left with the following set of four parameters,
{α1, α2, α3,MS3}, (4.1)
which determine the leptoquark phenomenology.17
The main experimental constraints on our model in this decoupling limit will be threefold,
coming from (i) the fit to the neutral current B anomaly data (§4.1), (ii) neutral meson
mixing (§4.2), and (iii) direct leptoquark searches at the LHC (§4.3). We visualize this
combination of constraints in two ways in Figs. 3 and 4; in the former, we fix benchmark
values of the leptoquark mass and plot the constraints in the α2 vs. α3 plane. Then, to study
the mass-dependence, in Fig. 4 we fix the value of ∆Cµ9 = −∆Cµ10 using the central value of
the global fit [12] to the B anomaly data, and plot the remaining constraints in the α2/α3 vs.
MS3 plane. In both plots we assume for simplicity that the αi couplings are all real. We also
include the ‘bounds’ (3.6) or (3.8) from finite naturalness of the Higgs mass, calculated with
µ = MS3 , which we see have interesting implications on the favoured parameter space.
4.1 Neutral current B anomalies
Assuming that the new physics behind the collection of experimental discrepancies in b→ s``
occurs only in the muonic channel, we consider the following terms in the WET,
LNPbsµµ =
4GF√
2
VtbV
∗
ts (∆Cµ9Oµ9 + ∆Cµ10Oµ10) , (4.2)
16The leptoquark mass will be at least 1.7 TeV or so to avoid direct search bounds - see §4.3.
17Note that while most of the parameters we have removed are taken to zero (or infinity) in our decoupling
limit, the coupling λ′HS remains finite, but may be written in terms of α3 using the one-loop estimate of
Appendix A.
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where
Oµ9 =
α
4pi
(
sLγµbL
)
(µγµµ) , (4.3)
Oµ10 =
α
4pi
(
sLγµbL
)
(µγµγ5µ) . (4.4)
Integrating out the S3 leptoquark and matching onto the WET, we obtain
∆Cµ9 = −∆Cµ10 =
pi√
2GFM2S3αEM
(
α3α
∗
2
VtbV
∗
ts
)
. (4.5)
As anticipated (and intended), the leptoquark generates only the operator with left-handed
quark current and left-handed lepton current, and so our model predicts RK = RK∗ , which
gives a good fit to the B-anomaly data [11, 12].
A recent fit for a purely ∆Cµ9 = −∆Cµ10 scenario [12] (specifically, we use the results of the
2020 addendum, which includes the updated P ′5 result [13]) finds ∆Cµ9 = −∆Cµ10 = −0.50 as
the best-fit central value, and −0.69 ≤ (∆Cµ9 = −∆Cµ10) ≤ −0.32 as the 2σ range. Assuming
that α3α∗2 is real and positive, this implies that
MS3√
α3α
∗
2
= 34.7 TeV (4.6)
as a central value, or
30.4 TeV ≤ MS3√
α3α
∗
2
≤ 44.6 TeV (4.7)
as the corresponding 2σ interval. We have used CKMfitter (Summer 2019 version) [53, 54]
for the CKM input, and neglected the small imaginary part of Vts. For the fixed values
MS3 = 2, 5 TeV, this 2σ band is plotted (blue) in Fig. 3.
4.2 Neutral meson mixing
As for any model that fits the b → s`` anomalies, an important constraint comes from B
meson mixing amplitudes, in particular from the Bs meson mixing observable ∆Ms [55, 56].
In our model, as a consequence of gauging the leptoquark under Lµ − Lτ , we have forced a
direct connection between Bs mixing and the flavour anomalies, both of which are governed
by the combination of couplings α3α∗2. (For generic leptoquark couplings to leptons, one finds
a sum over all lepton generations in the box diagram that contributes to the mixing, thus
breaking this direct connection.)
Using the most recent SM predictions for ∆Ms [56], which is
∆MSMs =
(
18.4+0.7−1.2
)
ps−1, (4.8)
we obtain the following constraint on the parameters of our model,
0.88 ≤
∣∣∣∣∣∣1 +
(
α3α
∗
2
MS3/6.3 TeV
)2∣∣∣∣∣∣ ≤ 1.08 (4.9)
– 16 –
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.1
0.2
0.3
0.4
0.5
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.1
0.2
0.3
0.4
0.5
Figure 3: Constraints on the leptoquark couplings to sµ (α2) and bµ (α3), for fixed leptoquark
masses of 2 TeV (left) and 5 TeV (right), both of which are above the mass range excluded by
LHC direct searches. In addition to the 2σ contours from a global fit to the b → s`` data
(blue), from Bs mixing constraints (orange), and from D mixing constraints (green, dotted),
we plot contours from finite naturalness of the Higgs mass, in this case coming from Eq.
(3.6). Finally, the red hatched regions are compatible with a U(2)-like flavour structure, for
which α2/α3 ∈ [0.2, 5]Vts. From the left plot, we see that a lighter mass leptoquark requires
significantly less Higgs-mass tuning; the contour with ∆ = 0.13 indicates comparable tuning
to that in the SM. For the 5 TeV leptoquark, we see that a U(2)-like structure can only
accommodate the 2σ fit to the B-anomalies with ∆ & 1, meaning the the finite loop correction
to the Higgs mass is greater than 125 GeV.
at 2σ. Assuming that α3α∗2 is real and positive, this reduces to the bound
MS3
α3α
∗
2
≥ 22 TeV. (4.10)
For the fixed values MS3 = 2, 5 TeV, this bound is plotted (orange) in Fig. 3, and is consistent
with the whole region plotted in Fig. 4.
There are similar bounds arising from other neutral meson mixing amplitudes, which
constrain different combinations of the leptoquark couplings αi, depending on the quark
content of the meson. Constraints from Bd [56] and kaon18 mixing translate to the bounds
MS3
α3α
∗
1
≥ 91 TeV and MS3
α2α
∗
1
≥ 72 TeV (4.11)
respectively, again assuming that the corresponding products αiα∗j are real and positive. If
we are in a region of parameter space where the neutral current anomaly is explained (4.7),
18For kaon mixing, we use the results from Ref. [58] as updated at ‘La Thuile 2018’ by L. Silvestrini,
for which slides are available at https://agenda.infn.it/event/14377/contributions/24434/attachments/
17481/19830/silvestriniLaThuile.pdf.
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Figure 4: Constraints on the ratio α2/α3 vs. the leptoquark mass, with ∆Cµ9 = −∆Cµ10
everywhere fixed to the central value of the global fit [12] to B anomaly data. The brown
hatched region (MS3 ≤ 1.7 TeV) is excluded by ATLAS direct searches [57]. The constraint
from Bs meson mixing is not visible on the plot, since at the best fit point for the anomalies it
only imposes an upper bound of MS3 ≤ 55 TeV. The blue shaded regions indicate the degree
of fine-tuning of the finite Higgs mass corrections, with ∆ > 1 indicating that the finite loop
corrections exceed 125 GeV. The region with ∆ ≤ 0.13 exhibits a similar degree of naturalness
to the SM, for which only a sliver of parameter space remains compatible with direct searches.
Finally, the red hatched region shows the U(2)-like region where α2/α3 ∈ [0.2, 5]Vts, which
requires a tuning ∆ > 1 for MS3 > 5.2 TeV.
these two observables can place an upper limit |α1| ≤ 0.55. In general however, since α1 is not
connected to the flavour anomalies, it can be taken much smaller, making both these bounds
from Bd and kaon mixing essentially unimportant.
More importantly, there are contributions to D meson mixing which cannot be avoided
by taking α1 to be small, since we chose a basis in which the CKM mixing is in the up sector,
and so the up quark couples to S3 through
∑
k αkV
∗
1k. The BSM contribution to the effective
∆C = 2 Hamiltonian is
C1D =
5
128pi2
1
M2S3
(∑
j
αjV
∗
2j
)2(∑
k
α∗kV1k
)2
. (4.12)
We take our bound from the recent UTfit update (see footnote 18). For the limiting value
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α1 = 0, the D mixing bound translates to
MS3
|(α2(α2 + 0.04α3)|
& 25 TeV ,
MS3√
α3α2|α2 + 0.05α3|
& 25 TeV, (4.13)
for the real and imaginary parts of C1D respectively. However, we remark that non-zero α1
can lead to cancellations that weaken this constraint, particularly in the U(2)-like region with
α1/α2 ∼ Vtd/Vts. It is also the case that there is significant uncertainty in the value of the
SM prediction for D mixing and how much is contributed from short and long distance effects,
and so the green shaded regions in Fig. 3 should be considered subject to these caveats.
To obtain the Bs mixing bound (4.10) we assumed that the leptoquark coupling product
α3α
∗
2 was real. Of course, these couplings are in general complex numbers, and any relative
phases between the components αi are constrained by CP -violating observables, such as the
CP asymmetry AmixCP [55]. For a leptoquark mass of 5 TeV or lower, for which a U(2)-like
flavour structure remains finitely natural (see Fig. 5 and §4.4), the experimental constraint
from AmixCP is very weak, and the relative phase between α2 and α3 is essentially unconstrained.
(The relative phases with respect to α1 are, however, more strongly constrained, by both
phases in Bd meson mixing and also by decays sensitive to the imaginary parts of Wilson
coefficients, e.g. KL → pi0µ+µ−. But, since α1 is essentially a free parameter that plays no
role in mediating the B anomalies, we shall not consider these phases further in this paper.)
4.3 Leptoquark pair production at the LHC
The third important constraint on our reduced parameter space (4.1) comes from direct
leptoquark production at the LHC.
The particularities of our flavour structure, which arise from charging the leptoquark
under Lµ − Lτ , make its collider phenomenology rather specific, and a little different from
that discussed for other S3 leptoquark solutions to B anomaly data; in particular, decays to
third-family leptons are often considered as a dominant channel (see e.g. [28, 59]), whereas our
charged leptoquark decays only to second-family leptons. The most up-to-date constraints in
muonic decay channels come from searches by ATLAS [57] for pair-produced scalar leptoquarks
decaying into two muons plus two or more jets, which we use here.
The cleanest (and tightest) constraints come from pair production of the S4/33 component,
each of which decays exclusively to diµ+, for some down-type quark di. (The other components
of the S3 have tree-level decays to neutrinos, which generally result in weaker limits.) The
specific branching ratios for each final state are determined by the direction of the vector αi,
as
BR(S4/33 → diµ+) ≈
|αi|2∑
j |αj |2
, (4.14)
in the limit that all down-type quarks and the muon are massless. In Ref. [57], limits on the
S3 mass are computed for each channel, in each case assuming that the leptoquark decays
exclusively into one specific combination of quark flavour and lepton flavour. For our model
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this is not generically the case, but in the region of parameter space where α3  α1,2, the
S
4/3
3 component decays exclusively to bµ
+, and the ATLAS limit is M
S
4/3
3
& 1.7 TeV [57].
Conversely, if α3  α1,2, the S4/33 component decays to qµ+, where q is a light quark (d or s),
for which the limit is again M
S
4/3
3
& 1.7 TeV [57].19 Since the mass exclusion is roughly the
same in both these extreme cases, it seems reasonable to interpolate that the 2σ bound on
the leptoquark mass for some generic value of couplings αi should be around
M
S
4/3
3
& 1.7 TeV. (4.15)
This is the direct search bound that we plot in Fig. 4.
4.4 Other constraints
There are other constraints on the direction (α1, α2, α3) of flavour violation in quark space,
coming from precision measurements of correlated flavour observables. Since our charged
leptoquark setup exhibits rank-one flavour violation, with couplings only to muons, the
results from Ref. [40] are directly transferable. In Fig. 5 we reproduce the constraints
from Ref. [40], relevant to the particular case of the S3 leptoquark couplings, subject to
the simplifying assumption that αi ∈ R. The constraints are plotted in the space of polar
angles θ and φ that define the direction of the αi vector, viz. αi =
√∑
i α
2
i nˆi, where
nˆTi = (sin θ cosφ, sin θ sinφ, cos θ).
Fig. 5 includes constraints, as calculated in Ref. [40], principally from observables probing
di → djµ+µ− transitions, specifically from BR(B0d → µ+µ−), BR(B+ → pi+µ+µ−), BR(KS →
µ+µ−), and BR(KL → µ+µ−). Observables sensitive to di → djνν transitions are also
included, the most important being BR(K+ → pi+νµνµ), remembering that, for simplicity,
we set the imaginary parts of Wilson coefficients to zero and so have no sensitivity to e.g.
BR(KL → pi0νµνµ).
We overlay the constraints coming from finite naturalness of the Higgs mass, for leptoquark
masses equal to 4, 5, and 5.5 TeV. For each mass, the region above the black line has a tuning
∆ > 1. For heavy leptoquark masses, we can see that the Higgs mass becomes destablized
(in the sense that ∆ exceeds one) when the new physics is aligned with the third family,
i.e. when α3  α2. Specifically, we find that a U(2)-like flavour structure, here defined
by α2/α3 ∈ [0.2, 5]Vts as indicated by the hatched red regions in Figs. 3, 4, & 5, becomes
disfavoured by finite naturalness for leptoquark masses greater than 5 TeV or so, as can be
seen also in Fig. 4.
The decays B → K(∗)νν¯, while in principal important, are in fact constrained by precisely
the same Wilson coefficient, ∆Cµ9 (= −∆Cµ10) that mediates the B anomalies. Again, this is a
consequence of our gauging Lµ − Lτ , which means the leptoquark only has decays to muon
19This bound assumes that α1 is not so large that leptoquark pair production is no longer dominated by
gluon fusion, which anyway seems ruled out by the combined meson mixing and neutral current anomaly bound
on α1.
– 20 –
d u s c
b
4
55.5
0 45 ° 90 ° 135 ° 180 °
90°
45°
0°
0 45 ° 90 ° 135 ° 180 °
90°
45°
0°
ϕ
θ
S3 (αbs=0, αbd=0)
B+→π+μμ B0→μμ KL→μμ KS→μμ
U(2)-like KL→π0μμ K +→π+νν pp→μμ
Figure 5: Constraints on the polar angles θ and φ, which specify the direction of the 3-vector
αi (assumed real) of leptoquark couplings, from a variety of correlated flavour observables
(updated from [40] with the latest b→ s`` fit). The white region is allowed at 2σ. The black
lines are finite naturalness contours with ∆ = 1, for given values of the leptoquark mass
below 5.8 TeV (for which the anomaly-tied correction (3.5) is the dominant one). Above
each line, the leptoquark induces a Higgs mass correction greater than 125 GeV or so, and
so the model requires fine-tuning. We find that a U(2)-like flavour structure is compatible
with finite naturalness (i.e. ∆ . 1) for MS3 . 5 TeV or so. When MS3 ≥ 5.8 TeV there is an
inevitable tuning of ∆ ≥ 1 coming from the purely electroweak 2-loop correction (3.7), which
is independent of (θ, φ) (i.e. independent of the flavour structure).
neutrinos. The theory prediction for R(∗)νν ≡ BR
(
B → K(∗)νν
)
/BR
(
B → K(∗)νν
)
SM
is [60]
R(∗)νν ≈ 1 +
1
3
Re{∆Cµ9 }
CSML
, (4.16)
where CSML = −6.38 ± 0.06 [61]. The tighter experimental bound comes from the Belle
measurement R∗νν < 2.7 at 2σ [62], which gives only a very weak constraint MS3/
√
α3α
∗
2 ≥
4.4 TeV, which is safely satisfied for the entire 2σ range that fits the B anomaly data. Turning
this around, one might rather interpret the BSM correction in Eq. (4.16) as a prediction of our
model; assuming the best fit value of ∆Cµ9 , we expect R
(∗)
νν ≈ 1.026, i.e. only a 2.6% correction
to the SM prediction (which is significantly smaller than for typical leptoquark models, which
often feature large branching ratios to tau neutrinos). Indeed, taking only the 2σ range of the
fit to B anomaly data, we expect the correction to R(∗)νν to be no greater than 3.6%.
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Finally, we checked a number of other observables which gave only very weak constraints.
This includes constraints from bb¯ → µ+µ−, which implies MS3/|α3| ≥ 1.8 TeV; constraints
from Higgs production and decay as well as the oblique parameters S and T , which are
modified by the loop-induced coupling λ′HS , but which give even weaker constraints; and
constraints from the lifetime ratio τ(Bs)/τ(Bd).
5 Discussion
In this paper we put forward a scenario in which the SM gauge group is extended by a U(1)X
gauge symmetry, where X = Lµ−Lτ on the SM fermions, and its matter content is augmented
by a scalar leptoquark that has charge −1 under U(1)X . By charging the leptoquark under
Lµ − Lτ we resolve two conceptual problems with S3 models, both of which result from the
fact that an uncharged leptoquark extension does not respect the SM’s accidental symmetries.
These accidental symmetries, specifically baryon number and the three individual charged
lepton numbers, are very good symmetries of Nature, at least for energy scales probed by
contemporary colliders.
Specifically, charging the S3 leptoquark bans the presence of renormalisable diquark
operators in the lagrangian, and in fact pushes back baryon number-violating effects to
dimension-6 in the effective field theory. Thus, we expect the proton to decay no faster in our
model than in the Standard Model effective field theory. On the leptonic side, by gauging
Lµ − Lτ there is no danger of lepton flavour violation, and the S3-mediated FCNCs appear
exclusively in muons, which is in good agreement with global fits to the b→ s`` anomaly data.
By gauging Lµ − Lτ , which we assume is spontaneously broken somewhere above the
weak scale, a new heavy gauge boson and heavy scalar appear in the spectrum of the theory.
This pair of particles play no role in mediating the B anomalies, and we show that they
may be hidden away at very high mass scales without destabilizing either the Higgs mass
or the leptoquark mass through loop corrections. However, we do find that the Higgs mass
inevitably receives significant loop corrections due to the leptoquark itself, whose couplings
to the top quark must be big enough to explain the B anomalies. This is the case for any
S3 leptoquark that mediates the anomalies in b → s``, a fact that seems to have escaped
attention in previous literature. By requiring the Higgs mass not be fine-tuned against its
finite one-loop corrections, we obtain bounds on the mass and couplings of the leptoquark.
Because the Higgs mass correction is largest due to a loop involving top-quarks, this
finite-naturalness argument requires the coupling α3 of the leptoquark to the third family
quark doublet to be not too big. Intriguingly, for leptoquark masses greater than about 5.2
TeV or so, one struggles to accommodate a U(2)-like flavour structure without introducing
significant tuning of the Higgs mass. For such masses, naturalness therefore favours a larger
degree of ‘strange-alignment’ in the leptoquark couplings. For leptoquarks heavier than 5.8
TeV, the Higgs mass requires significant tuning regardless of the flavour structure, because of
an unavoidable electroweak two-loop contribution.
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To summarise the results of our finite naturalness study, there is a wide (but narrowing)
window of U(2)-compatible S3 leptoquark masses, MS3 ∈ [1.7, 5.2] TeV, which are heavy
enough to evade direct searches at the LHC but light enough to remain (finitely) natural. It
will be interesting to chart the fate of this U(2)-compatible mass window in the near future,
as LHC searches push MS3 higher, and as correlated flavour observables are measured with
increasingly good precision.
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A Loop induced couplings
To estimate the size of the radiatively-generated coupling between the leptoquarks and the
Higgs (or the Φ field), we take the one-loop beta functions β ≡ dλ/d lnµ2, and make the
estimate
δλ(µ) ≈ (limλ→0 βλ) ln
µ2
M2
, (A.1)
where M is the mass of the virtual particle in the loop, and we take the tree-level scalar
coupling to zero as part of our assumption that the one-loop effect is dominant.
Computing the β functions for scalar quartic coupling are standard computations [63–65],
and we extract the results for λHS , λ′HS , and λΦS as follows:
limλ′HS ,g→0 βλ′HS = −
GFm
2
t |
∑
q αqVtq|2
2
√
2pi2
, (A.2)
limλHS ,g→0 βλHS ≈ 0, (A.3)
(where for these first two we have dropped the terms in the beta function proportional to the
electroweak coupling g to avoid double counting against the 2-loop result Eq. 3.7)
limλΦS→0 βλΦS = −
g4XQˆ
2
Φ
4pi2
+O
(
M4S3
M4X
)
. (A.4)
The contributions to λHS occur due to diagrams with bottom quarks running in loops, and
so βλHS is suppressed with respect to βλ′HS by a factor of m
2
b/m
2
t ∼ 10−3, which we safely
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neglect throughout. Most importantly for the discussion in the main text, we thus estimate
λ′HS(µ) ≈ −
GFm
2
t |
∑
q αqVtq|2
2
√
2pi2
ln µ
2
m2t
≈ −0.013|α3 + Vtsα2|2 ln
µ2
m2t
(A.5)
and λHS , λΦS ≈ 0.
B Scalar one-loop mass corrections
Firstly, define the following two loop functions,
A0(M) = M2
(
1 + ln µ
2
M2
)
≡ PVA[0,M] , (B.1)
B0(M1,M2,M3) = 2 + Λ(M21 ,M2,M3)−
(M21 +M22 −M23 ) ln M
2
2
M
2
3
2M21
+ ln µ
2
M23
(B.2)
≡ PVB[0,0,M1ˆ2,M2,M3], (B.3)
where the notation PVA and PVB are borrowed from Package-X syntax [66–68], where
Λ(M21 ,M2,M3) =
√
λ(M21 ,M22 ,M23 )
M21
ln

√
λ(M21 ,M22 ,M23 )−M21 +M22 +M23
2M2M3
 , (B.4)
and where λ is the Källén function
λ(a, b, c) = a2 + b2 + c2 − 2ab− 2ac− 2bc. (B.5)
These loop functions appear in the various mass corrections we compute in the rest of this
Appendix.
B.1 Higgs mass corrections
There are three Feynman diagrams that contribute to the Higgs mass at one-loop, as shown in
Fig. 2 (in the main text), all of which involve a leptoquark running in a loop. Considering the
diagrams in order from left to right in Fig. 2, there is firstly a diagram in which the leptoquark
loop attaches to the Higgs propagator at a four-point vertex, giving
δM2H =
9
32pi2
(λHS + λ′HS)A0(MS3). (B.6)
Secondly, there is a tadpole diagram giving
δM2H =
−27
32pi2
(λHS + λ′HS)A0(MS3). (B.7)
Finally, there is a diagram involving two insertions of the Higgs-S3-S3 vertex, which gives
δM2H =
3v2
16pi2
(3λ2HS + 6λHSλ′HS + 5λ′2HS)B0(MH ,MS3 ,MS3), (B.8)
In the limit of interest, MS3 MH , the first two diagrams give the leading contributions and
we neglect the third, resulting in Eq. (3.4) from the main text.
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B.2 Finite naturalness of the leptoquark mass
In this Appendix we discuss the finite naturalness of the leptoquark mass, which receives a
multitude of one-loop corrections involving both SM particles and the heavy fields associated
with the U(1)X symmetry. In the U(1)X decoupling limit (3.3) that we explore in the main text,
we find that the relative size of these loop corrections is small, giving only weak constraints
on the parameter space of our charged leptoquark model. These constraints do not appear in
any of Figs. 3, 4, or 5, where we plot only the finite naturalness contours coming from the
Higgs mass tuning.
Before we discuss radiative corrections, we remark that there are several ‘tree-level’
contributions to the leptoquark mass encoded in the lagrangian (2.1). In addition to the bare
mass term, the potential terms −λHS |H|2|S3|2 and −λ′HS |H†σaSa3 |2 give leptoquark mass
contributions once the Higgs is expanded around its vev. Moreover, the contributions from the
λ′HS term are different for each of the three SU(2) components of S3, giving a mass splitting
∆M = MS1/33 −MS4/33 = MS−2/33 −MS1/33 =
λ′HS
4
v2
M
S
4/3
3
+O
(
v4
M3S3
)
, (B.9)
which is small for the multi-TeV mass leptoquarks of interest here. There is also a tree-level
mass contribution from the potential term −λΦS |Φ|2|S3|2 upon expanding Φ about its vev vΦ,
which could be large given that we expect U(1)X to be broken at some higher energy scale.
Indeed the coupling λΦS , like the couplings λ
(′)
HS discussed above, is generated at one-loop.
From Eq. (A.4) we expect this mass contribution to scale like δM2
S
4/3
3
∼ g2XM2X/4pi2, which is
comparable to the one-loop corrections that we discuss next.
We now discuss radiative corrections, and finite naturalness of the leptoquark mass.
Within our assumed mass hierarchy, the largest corrections are naïvely those proportional
to MΦ and MX , coming from these heavier particles running in loops. Neglecting small
electroweak-nonuniversal contributions, the dominant mass corrections are (see Figs. 6a and 6b
for the responsible Feynman diagrams)
(δM2S3)X =
g2XM
2
X
4pi2
− λΦSM
2
X
4pi2
M2X
M2Φ
− λΦSM
2
Φ
8pi2
+
(
g2XM
2
X
2pi2
− λΦSM
2
X
2pi2
M2X
M2Φ
)
ln µ
2
M2X
− λΦSM
2
Φ
8pi2
ln µ
2
M2Φ
+ . . . ,
(B.10)
where the subscript ‘X’ indicates that these corrections are due to particles in the U(1)X
sector. In the decoupling limit specified by Eq. (3.3) these contributions become vanishingly
small.
In that limit, the leading one-loop corrections to the leptoquark masses are due to
various SM particles running in the loop. Again ignoring the small electroweak-nonuniversal
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a)
S3 S3
X
X
b)
S3 S3
ϕ
c)
S3 S3
qi
ℓ
d)
S3 S3
W+
W−
Figure 6: Example one-loop Feynman diagrams contributing to radiative corrections to the
leptoquark mass, from a) the X gauge boson, b) the Φ scalar, c) SM fermions, and d) EW
gauge bosons.
corrections,20 we have (see Fig. 6c)
(δM2S3)fermion = −
M2S3
8pi2
(∑
i
|αi|2
)(
2 + ln µ
2
M2S3
)
, (B.11)
coming from the quark-lepton loops, which gives only very weak finite naturalness bounds
∑
i
|αi|2 .
40∆ for µ = MS3∆ for µ = 1016MS3 ∼MPlanck. (B.12)
The contribution from EW gauge bosons is (Fig. 6d)
(δM2S3)EW = −
M2S3
144pi2
(
16e2 + 9g2
{
1 + (s
2
W − 3c2W )2
9c2W
})(
7 + 3 ln µ
2
M2S3
)
=
−0.03M
2
S3 for µ = MS3
−1.2M2S3 for µ = 1016MS3 ∼MPlanck.
(B.13)
20We here also ignore terms arising from the λ(′)HS couplings, which we assume are suppressed by a further
loop factor (as in §3.1).
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Thus, if we take the “Planck scale” condition then a degree of fine tuning is unavoidable
(assuming there is no cancellation between different mass corrections). This follows simply
from the existence of an S3 leptoquark charged under the SM gauge group, even without any
fermion couplings.
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